Newly synthesized proteins entering the eukaryotic secretory pathway may be attached to the lipid membrane by essentially one of two mechanisms. They may either contain a hydrophobic stop transfer sequence that directs their integration into the bilayer with the consequence that the polypeptide spans the membrane either one or several times, or alternatively the polypeptide chain may be modified by the covalent addition of a lipid anchor resulting in the attachment of the protein to the membrane via the lipid moiety. The major pathway for the covalent addition of a lipid anchor involves the post-translational attachment of GPI (glycosylphosphatidylinositol) to the C-terminus. Proteins modified in this way contain a specific signal that is recognized by the GPI-anchor processing machinery. Hence both the integration of protein directly into the lipid bilayer and the addition of GPI anchors require the presence of sequences within the polypeptide chain to target the proteins to these pathways. This article will describe the main characteristics of these signals and their similarities and will discuss how the translocon may play a crucial role in their recognition.
Stop transfer and GPI (glycosylphosphatidylinositol)-anchor signal sequences
During biosynthesis, proteins entering the secretory pathway are translocated across the ER (endoplasmic reticulum) membrane through a proteinaceous pore termed the translocon. The translocon contains three major components, Sec61α, Sec61β and Sec61γ, and provides the gateway through which nascent chains are translocated across the ER membrane. Membrane proteins are translocated through this complex and become integrated into the ER membrane by a process involving lateral opening of the translocon to allow insertion of hydrophobic transmembrane domains into the lipid bilayer [1] . For multi-spanning membrane proteins this lateral integration of the multiple transmembrane domains could occur sequentially or collectively; the exact mechanism still remains controversial [2, 3] . Either way, the consequence of the necessity to integrate part of the polypeptide chain into the lipid bilayer is that a hydrophobic domain needs to be recognized by the translocation machinery, prevented from full translocation and partitioned into the lipid bilayer. Proteins destined for GPI-anchor addition are, in contrast, fully translocated into the lumen of the ER prior to recognition of the signal by the enzyme complex responsible Key words: endoplasmic reticulum, glycosylphosphatidylinositol-anchor addition (GPI-anchor addition), protein translocation, signal sequence, stop transfer sequence, transmembrane domain.
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for cleavage of the signal and addition of the lipid moiety ( Figure 1 ). This complex is termed a transamidase and must act very soon after protein synthesis, leading to the possibility that it is closely associated with the translocon. Hence there is a necessity for the translocon to be able to recognize the stop transfer sequence to prevent translocation and allow membrane integration while allowing full translocation of the signal sequence for GPI-anchor addition.
The main characteristics of a stop transfer sequence are a region of 20-30 relatively hydrophobic amino acids followed by charged residues [4] . The signal for GPI-anchor addition, on the other hand, is characterized by a C-terminal hydrophobic domain preceded by a short hydrophilic spacer linked to the GPI-anchor attachment (ω) site [5] . Hence the C-terminal signal for GPI-anchor addition contains some of the characteristics of a stop transfer sequence, in that it contains a hydrophobic region of approx. 20 residues. However, as it is located at the end of the protein it contains no C-terminal flanking charged residues.
Can the hydrophobic region of a GPI-signal act as a stop transfer sequence?
The close similarity between the hydrophobic region of the GPI-anchor signal sequence and a hydrophobic transmembrane domain raises the question of whether they share common mechanisms of membrane insertion. As mentioned above, the transmembrane domains are thought to partition into the lipid bilayer by lateral gating of The ER chaperone BiP (Ig heavy-chain-binding protein) is recruited to seal the translocon pore as the ribosome-translocon seal is opened, allowing translation of the cytosolic domain. Through a process termed lateral integration, the hydrophobic domain is transferred in a stepwise process through the translocon components until it is fully integrated into the ER membrane.
the subunits of the translocon. However, most of the evidence to date would suggest that a similar mechanism of membrane insertion does not occur during GPI signal sequence translocation. Hence, uncleaved precursors of GPIanchored proteins are not membrane associated, suggesting that the hydrophobic sequence does not partition into the lipid bilayer [6] . Interestingly, these uncleaved precursors are also retained within the ER, suggesting that they interact with proteins resident within this organelle [6] . Modification of the hydrophobic domain that results in membrane integration also prevents GPI-anchor addition, indirectly suggesting that full translocation of the signal across the lipid bilayer is required for recognition by the transamidase and GPI-anchor addition [7] .
The C-terminal hydrophobic domain shares many characteristics with a classical transmembrane domain, so why is it fully translocated rather than integrated into the lipid bilayer? We have approached the question of the requirements for membrane integration by synthesis of a number of variants of the GPI-anchored substrate prepromini-placental alkaline phosphatase in a cell-free system [8] . By the addition of glycosylation sites close to and within the signal sequence we have probed the accessibility of the signal to the oligosaccharyltransferase and thereby determined whether the signal is fully translocated into the ER lumen prior to recognition by the transamidase. We have shown conclusively that the signal is indeed fully translocated and that the hydrophobic domain of a GPI-anchor signal sequence cannot function as a transmembrane domain even when flanked by charged residues. Conversely, when the hydrophobic region from a GPI-signal is replaced with a hydrophobic region from a stop transfer sequence the resulting sequence can be fully translocated and processed by the GPI-anchor machinery. These results highlight the crucial role played by the hydrophobic regions within stop transfer sequences in preventing full translocation and allowing membrane integration.
Consequences for the role of the translocon in signal-sequence recognition
There are two major consequences for a model whereby stop transfer and GPI-anchor signal sequences are selectively recognized and processed at the ER membrane. Firstly, for GPI-anchored proteins, the process of protein translocation and GPI-anchor addition are segregated; however, it is highly likely that these events are tightly co-ordinated. Following translocation the hydrophobic signal sequence would need to be rapidly recognized by the transamidase, as any prolonged exposure to the aqueous environment may lead to nonspecific association or sequestration away from the protein surface. Hence it would seem reasonable to suggest that the transamidase, like the oligosaccharyltransferase [9] , is closely associated with the translocon, ready to recognize and interact with newly translocated proteins. The transamidase itself is a multi-subunit complex consisting of at least five polypeptide chains [10-11a] . The function of each of the individual chains within this complex is not certain but one of the subunits (Gpi8p) does contain the active site [12] . One function of the complex could therefore be to effect association with a ribosome-associated translocon to allow rapid and efficient recognition and processing of GPI-signal sequences.
Secondly, the stop anchor sequence must be recognized as such very early during the translocation process. There is some evidence to suggest that once the transmembrane domain plus four C-terminal residues are synthesized the ribosome can recognize this as a stop transfer sequence and signal to the translocon to essentially seal the lumenal side of the aqueous pore [13] . This process results in the ribosome detaching from the translocon to allow the synthesis of the cytosolic portion of the polypeptide. The polypeptide chain is stalled in translocation with the hydrophobic domain being partitioned into a lipid environment while still being closely associated with the translocon [2] . Full integration of the hydrophobic domain into the membrane can only occur following completion of protein synthesis [14] .
The early recognition of the stop transfer sequence effectively prevents translocation and initiates the pathway of membrane integration. The characteristics of the stop transfer sequence that form the basis of recognition by the ribosome or translocon must be a combination of the hydrophobic domain and the flanking charged amino acids. The characteristic of the hydrophobic domain that allows this recognition cannot be due solely to overall hydrophobicity, as the GPI-signal hydrophobic domain, which is predicted to be transmembrane due to hydrophobicity, cannot functionally replace the transmembrane domain within the stop transfer sequence. Exchanging single charged residues within GPIsignal sequences can, however, render the sequence able to act as a transmembrane domain [6] . It would appear that subtle differences in this hydrophobic region could prevent the recognition of the region by the ribosome or translocon and allow full translocation and therefore GPIanchor addition. Hence an essential feature of a GPI signal is that it contains not just a hydrophobic domain but also a hydrophobic domain that has some characteristic, such as the positioning of charged residues, that prevents recognition as a potential transmembrane domain. Similarly, the hydrophobic domain itself cannot contain all the signals necessary for recognition; the flanking charged residues must play a role, as their removal results in translocation of the transmembrane domain.
In conclusion, it appears likely that an early recognition event is necessary to prevent full translocation of stop transfer sequences and allow membrane integration. This recognition event could involve proteins within the translocon itself or even within the ribosome. Ribosomal proteins have been shown to interact with signal recognition particles at an early stage in targeting of proteins to the ER [15] , demonstrating their close proximity to the nascent chain. Several translocon components are also available to interact with the nascent chain, as shown by cross-linking [14] [15] [16] . Hence there are several potential candidate proteins that could recognize the stop transfer sequence and bring about the stalling of translocation. The challenge now is to identify the precise protein involved and to ascertain their exact function in this process.
